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ABSTRACT 


This research follows previous thesis work by Becker 
and Mills on superplastic behavior of a warm rolled Al- 
10.2%Mg-O.S5S2%Mn alloy. Elongations of up to 391% were 
reported by them for tension testing at 300°C and a strain 
rate of 1.4x10-3 s-1. In this work, material was warm 
rolled at 300°C to 94x reduction and then subjected to one 
of five subsequent annealing treatments: 1 hour at 200°C, 
10 hours at 200°C, 1/2 hour at 250°C, 1 hour at 250°C, or 
1/2 hour at 440°C (to recrystallize the material). Tension 
testing at temperatures ranging from 300°C to 425°C was 
then conducted. Annealing below the rolling temperature 
enhances superplastic behavior when compared to the as- 
rolled condition. For example, material warm rolled at 
300°C, annealed for 1 hour at 200°C and then tested at 
300°C with a strain rate of 5.6x10-3 s-1l1 gave a ductility 
Of 3722; Annealing, however, for 1/2 hour at 440°C results 
in a recrystallized structure which is stronger than the 


as-rolled condition and less ductile when tested at 300°C. 
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10.2%Mg-.52%Mn at 5.56x1073 s-1. Note the 
Enhanced Superplastic Behavior of the As-Rolle 
Material between 150C and 300C. As-Rolled 
Material Processed at 300C is recovered while 
Material Annealed for 1/2 Hour at 440C is 
Recrystallized. 32505) pee eeetter gr 


True Stress at 0.1 Strain vs Strain Rate for 
Tensile Tests on A1-10.2%Mg-0.52%Mn Conducted 
300C. The As~Rolled Condition is Weaker than 
Material Recrystallized by Annealing 1/2 Hour 
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Ductility vs Strain Rate for Tensile Tests on Al- 
10.2%Mg-0.52%Mn Conducted at 300C. Annealing 
Conditions: Fully Recrystallized after Warm 
Rolling, and As Rolled at 300C. ...... =... «@ 


Recrystallized Material Tested at 425°C at a 
Strain Rate of 5.56x10-4 (a) & (c), and 5.56x10-2 
(b>) & (€d). Note Elongated Grains in (c) at the 
Lower Strain Rate as Opposed to the More Equiaxed 
Grains in (d) at the Higher Strain Rate. 
Elongation for (a) & (cq) is 356%, and 327% for 
(b>) & (€d). Magnification for (a) & (b) is x64 
and for (qc) & (dad) is x250, Graf-Sargent Etch... 


Recrystallized Material Tested at 300°C at a 
Strain Rate of 5.56x107-4 (a) & (cc), and 5.56x10-2 
(b>) & (d). Note Finer Grains in (b>) & (d) than 
Figure 4.7 (b>) & (d) and Much Less Cavitation, 
Also Recrystallized Material is Not Superplastic, 
Elongation for (a) & (c) is 170% and for (b) & 
(d) is 78%. Magnification for (a) & (b>) is x64 
and for (cq) & (dad) isa x*250, Graf-Sargent Etch. . . 


True Stress at 0.1 Strain vs Strain Rate for 
Tensile Tests on A1l-10.2%Mg-0.52%Mn Conducted at 
300C. Annealing for 1/2 Hour at 440C Results in 
a Recrystallized Structure Which is Stronger than 
the As-Rolled Condition While Annealing for 1 
Hour at 200C Results in Lower Strength when 
Compared to As-Rolled Material. ........ =. 


Ductility vs Strain Rate for Tensile Tests on Al- 
10.2%Mg-0.52%Mn Conducted at 300C. Comparing 
Data to Figure 4.12: Material Recrystallized by 
Annealing 1/2 Hour at 440C is Stronger and of 
Lower Ductility than As-Rolled Material at 300C. 
Annealing As-Rolled Material Below the Rolling 
Temperature Weakens the Material and Enhances the 
DUPE rp EAS tICePlONGSaEIONS. © s« « 5 ss «© 2©« «© © «© «© «@ 


As-Rolled Material that has been Annealed for 1 
Hour at 200°C and Tested at 300°C at Strain 
Rates of 5.56x10-4 (a) & (cc), and S.56x10-2 (b) 
& (dd). Note Very Little Cavitation is Evident 
and Microstructure Looks Like the 
Non-Superplastic Recrystallized Material Tested 
at 300°C (Figure 4.8). However, Unlike the 
Material in Figure 4.8 This Material is Very 
Superplastic. Elongation of 437% for (a) & (oc) 
and 401% for (b>) & (dd). Magnification for (a) & 
(Cb) is x64 and for (c) & (dad) is x250, Graf- 
DMEM GInc@G— ss 5 ss « « »s « 6 « «= s © « «# » 
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I. INTRODUCTION 


A. SUPERPLASTIC BEHAVIOR 

Serious study of superplastic behavior began following 
Underwood’s review of superplasticity in 1962 (Ref. 1]. 
Since then, the term superplastic has generally meant high 
elongations (greater than 200%) at elevated temperatures 
and low strain rates. Superplastic behavior reflects 
characteristics of both the material microstructure, and 
the strain rate and temperature dependence of material 
strength. Five requirements for superplastic behavior are: 
(1) pronounced dependence of the flow stress on strain 
rate; (2) fine grain size; (3) thermally stable 
microstructure; (4) deformable second phase (if present); 
and (35) resistance to cavitation (Ref. 2] and (Ref. 3]. 

At elevated temperatures the flow stress (0) may be 


related to strain rate (6) by 


om 
Fr=k € Ceqn. 1.1) 


where m is the strain rate sensitivity, defined as: 


d¢cing) 
dt«lné) 


Ceqn. 1.2) 
Equation 1.2 may be used to obtain m even though ln ¢ 

e 
versus in ¢ is not linear over a wide range of strain 


rates, that is, m is a “local” value which applies only 


over a small range of strain rates. Values of m greater 


nae 


than 0.3 are associated with superplastic behavior and 
increased material resistance to localized necking. 
Maximizing m gives oe greatest superplastic response in 
the material. To achieve a large m typically requires a 
fine grain size less than 10unm. 

Two possible processes involved in superplastic 
behavior are (1) diffusional creep, i.e. Nabarro-Herring 
creep [Ref. 4] and (2) grain boundary sliding. The 
Nabarro-Herring diffusion creep model is not a completely 
adequate representation of superplastic behavior, however, 
it does illustrate the sensitivity of strain rate to grain 
size. Equation 1.3 is the Nabarro-Herring relationship: 


: 7boD 


kTd7 


Cegn 1.3) 


where ¢ is the strain rate, b the Burgers vector, go the 
atress, D the diffusion coefficient, k a material constant, 
T the temperature and d the grain diameter. From this 
relationship it is clear that an increase in grain diameter 
d will mean a increase in stress ¢@ if the strain rate é is 7G 
held constant. If grain growth were to occur during a 

test, the material would “strain harden”. Grain boundary 
Sliding with diffusional accommodation is generally 

accepted as the flow process occurring during superplastic 
behavior and is associated with high m values in the 


strain rate sensitivity equation (eqn 1.1) mentioned 


earlier. A diffusion-accommodated flow model by Ashby and 
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Verrall (Ref. 5S] proposes that polycrystalline material 
deformed at temperatures above 0.3Tm elongates by grain 
boundary sliding where grains switch their neighbors and 
remain essentially equiaxed rather than elongate when 
deforming superplastically. The rate of this diffusion 
accommodated flow may be limited by diffusion or by the 
capacity of grain boundaries to act as a sources or sinks 
for point defects, i.e. the interface reaction. The nature 
of this grain boundary is also described by Sherby (Ref. 6] 
as necessarily high-angle, because low-angle boundaries 
such as those comprising subgrain structures resulting from 
warm rolling do not slide readily under shearing stresses, 
as well as being poor sources or sinks for vacancies. 

In order to prevent grain growth in superplastic 
forming, some form of grain boundary pinning is necessary 
C[Ref. 2], (CRef. 7] and (Ref. 8]. A fine precipitate size 
will enhance the materials ability to resist grain growth 
as seen in the Zener-McLean relationship: 


4r 
d *% 3 ¢ Ceqn 1.4) 


where d is the distance between pinning particles of radius 
r, and volume fraction f. 

These grain boundary pinners should be deformable, 
otherwise cavities will form during rolling or forming 
processes. Certain brittle binary intermetallics tend to 


soften when they reach an inflection temperature Ty which 
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Petty (Ref. 9] reports as approximately 300°C for 
intermetallics such as AlgMgs and CuAlz, but around S00°C 
for other intermetallics such as FeA1l3, CrAl7,and Co2Alg. 
Finally, Stowell’s (Ref. 3] review of cavitation 
associates cavitation with second phase particles and 
inclusions. Cavitation may result from decohesion the of 
particle matrix interface, or plastic deformation during 
forming by stress-assisted vacancy diffusion. This may be 
produced by coarse constituent particles produced in 
casting or by precipitation of a brittle second phase. In 
order to avoid cavitation, precipitated particles and grain 


size should be kept as small as possible. 


B. SUPERPLASTICITY IN ALUMINUM ALLOYS 

Superplasticity in aluminum was first observed in 
eutectic and eutectoid alloys. These systems were thought 
necessary to achieve the fine grain size required for 
superplasticity. Presnyakov and Starikova (Ref. 10] 
reported superplastic behavior of eutectic Al-Cu (33% Cu) 
and proposed that such a high Cu-content was needed to 
obtain superplasticity in a cast Al-Cu Alloy. In addition, 
Holt and Backofen (Ref. 111] proposed that superplasticity 
in Al-Cu eutectic alloys requires a fine grain size to 
assist grain boundary shear, another possible rate 


controlling process. 
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Patton (Ref. 71] reported significant superplasticity in 
conventional high strength aluminum when grain size was - 
refined to approximately 10um. High strength aluminum 
alloys such as 7075 and 7475 are made superplastic by 
solution treating at 482°C, annealing ‘overaging) at 400°C, 
warm rolling at approximately 200°C, and recrystallizing at 
482°C prior to mechanical testing (Ref. 7]. For the 7475 
alloy the best superplastic response was obtained at 516°C 
and a strain rate of Sx1074 s-1, 

In Lloyd’s (Ref. 2] review of superplasticity, 
magnesium and copper solute atoms are considered to 
interact with dislocations, preventing their movement and 
formation of low energy subgrains which would lower the 
driving force for recrystallization. Dispersoid forming 
elements such as zirconium or manganese were considered 
impurities that are capable of grain pinning but which also 
may form coarse, brittle particles undesirable because they 
crack during warm rolling and form initiation sites for 
cavitation. 

In all cases there appears a need for fine 
recrystallized grains for superplastic behavior. Such a 
microstructure is achieved primarily by either cold or warm 
working the material then annealing just above the solvus 
for the strengthening component to recrystallize the 


microstructure. 
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C. HIGH MAGNESIUM-ALUMINUM ALLOY WORK AT THE NAVAL 
POSTGRADUATE SCHOOL 


The materials engineering group at the Naval 
Postgraduate School has been studying Al-Mg alloys since 
1976 when Ness (Ref. 12] initiated the investigation with 
research on an 18% Mg aluminum alloy. This material was 
mechanically worked in the two phase region of the phase 
diagram in an effort to obtain improved mechanical 
properties and grain refinement. As reported by Mondolfo 
[Ref. 13] and Becker (Ref. 14], an aluminum alloy with this 
high @ magnesium content cracks easily during rolling and 
may exhibit very little ductility. Research with 7-12 
percent magnesium aluminum alloys by Grandon (Ref. 15] 
Showed that warm rolling below the solvus did not produce 
recrystallization. Therefore, the microstructure expected 
for Grandon’s alloys would be low angle grain/subgrains 
boundaries with small misorientations. Through the 
preliminary work of Chesterman [Ref. 16] with 8% Mg 
&luminum alloys it was observed that recrystallization ina 
cold worked, cold worked then warm rolled, or just warm 
rolled 8% Mg aluminum alloy will only occur at temperatures 
at or above the solvus for Mg in the alloy. Warm rolling 
below the solvus of for Mg, with or without prior cold 
work, produced precipitation and recovery only. Chesterman 
concluded that warm working strengthens materials by 


mechanisms similar to cold work strengthening of solid 
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solution alloys and that these results obtained for 8% 
alloys could be applied to 10% alloys based on a review of 
the work of Grandon (Ref. 15] and Speed (Ref. 17]. 

Presently aluminum-magnesium alloys of 8-10% Mg 
processed at the Naval Postgraduate School are solution 
treated, upset forged on heated platens, annealed for 1 
hour at 440°C, oil quenched and then warm rolled at 300°C 
following the procedures developed in the work of Johnson 
(Ref. 18] and Shirah (Ref. 19]. These alloy positions are 
indicated in the phase diagram of Figure 1.1 (Ref. 14]. 
Johnson (Ref. 18] concluded that the beta phase AlgMgs 
contributed towards achievement of a high strength, ductile 
material, and that at temperatures below the solvus 
precipitation during warm rolling prevented 
recrystallization of the alloy and hence facilitates 
strengthening in these alloys. However, as the temperature 
is raised above the solvus resolutioning of the AlgMgs 
occurs with corresponding loss in yield strength as well as 
recrystallization. 

In addition, rolling below the solvus develops a fine 
dispersion of 8 and also breaks up grain boundary 
precipitates. Precipitation of the § at grain boundaries 
will cause susceptibility to stress-corrosion cracking when 
exposed to many environments at ordinary temperatures. 

Finally, these high magnesium aluminum alloys also have 


a decreased density due to the increase in magnesium 


i Uf 


content which provides a more desirable atrength to weight 
ratio than unalloyed aluminum, which is important 


particularly in the aerospace industry. 


at. % Mg 


Temperature, °C 





wt. % Mg 


Figure 1.1 Partial Aluminum-Magnesium Phase Diagran. 
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II. BACKGROUND 


A. PREVIOUS WORK 

Recent research by Becker (Ref. 14] and Mills (Ref. 
20], with the as-warm-rolled A1l-10.2%Mg-0O.52%Mn alloy of 
this thesis clearly demonstrated that thermo-mechanically 
processing of this alloy at 300°C produces a material which 
exhibits superplastic elongations when deformed near the 
rolling temperature (300°C). According to research by 
McNelley and Garg [Ref. 21], this ee material 
appears to have a microstructure with fine subgrains as 
opposed to fine grains. This is a surprising result! 
Currently accepted theories suggest superplasticity should 
occur only in recrystallized structures with high angle 
grain boundaries, implying that a recovered structure in 
the material is detrimental to superplasticity. This data, 
then, suggests at least two possibilities: (1) another 
mechanism for superplasticity involving subgrain 
structures; (2) possible recrystallization during plastic 
deformation to provide a fine grain structure. 

Additionally, McNelley and Garg (Ref. 21] annealed the 
as-rolled material at 300°C to see if the material was 
recrystallizing when the material was being heated prior to 
mechanical deformation. The microstructure of this 


annealed material also appeared to be recovered rather than 
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recrystallized. Becker (Ref. 14] subsequently annealed the 
as-rolled material for 1/2 hour and 10 hours at 300°C 
prior to tensile testing at and below 300°C. Also, Becker 
(Ref. 14] annealed another series of samples above the 
solvus, for 1/2 hour at 440°C, to obtain 
recrystallization. These samples were tested as well with 
a view to comparison of recrystallized with as-rolled, or 
as-rolled and annealed material. Becker’s results 
indicated enhanced ductility for the material annealed at 
300°C over material in the as-rolled condition which in 
turn was more ductile than the recrystallized material at 
this temperature. Since Becker’s work, researchers at the 
ALCOA Technical Center (Ref. 22] have obtained x-ray 
crystallographic texture data for this alloy and again 
found results that suggest recovery rather than 
recrystallization when annealing is conducted at the 


rolling temperature (300°C). 


B. PURPOSE OF THESIS 
The purpose of this thesis was to investigate 
characteristics of a thermo-mechanically processed Al- 
10.2%Mg-0.52%Mn alloy annealed below the rolling 
temperature prior to elevated temperature deformation. 
Recrystallizing the as-rolled material prior to 
deformation is similar to current processing of aluminum 


alloys for superplastic forming. With this in mind, 
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elevated temperature testing from 300°C to 425°C was 
performed on material that had been warm rolled at 300:°2C 
and recrystallized. This data, together with Becker’s 
{[Ref. 14] data at lower temperatures provided a baseline of 
comparison between recrystallized and as-rolled material. 
Having established this baseline of data between as-rolled 
and recrystallized material, further research on annealing 
below the rolling temperature was then conducted. 
Experimental techniques and laboratory equipment for 
thermo-mechanical processing and elevated temperature 
tensile testing employed in this thesis are the same as 
those utilized by Becker [{Ref. 14] and Mills (Ref. 20] in 
their research here at the Naval Postgraduate School. 
Results and discussion of elevated temperature testing 
on recrystallized material and material annealed below the 
rolling temperature are presented together with optical 
micrographs of this alloy before and after mechanical 


testing. 


a 


IIIT. EXPERIMENTAL PROCEDURE 


A. MATERIAL PROCESSING 

The material of this research was sectioned from the 
same ingot utilized by Becker [Ref. 14] and Mills (Ref. 20] 
in their work on superplastic aluminum alloys. The Al- 
10.2%Mg-0.52%Mn alloy was direct-chill cast at the ALCOA 
Technical Center (Ref. 18]. Composition details are 


provided in Table I (Ref. 20]. 


Table I 
Alloy Composition (Weight Percent) 


Serial Number Sip Fe Mn 


| 

la 
-j 
: 
le 


201300A 0.01 0.03 0.52 10.2 oom 0.0002 


Billets of dimension 32mm x 32mm x 102mm (1.25in. x 
1.25in. x 4.0in.) were sectioned from the as-cast ingot and 
then solution treated at 440°C for 24 hours, upset forged 
at 440C, annealed at 440°C for 1 hour and finally oil 
quenched. This portion of the processing was done by Mills 
(Ref. 20] according to procedures developed by Johnson 
(Ref. 18] and Becker (Ref. 14]. This hot working by upset 
forging reduced the billet by approximately 73%, equivalent 


to a strain of roughly 1.3 (Ref. 20]. 


ee 


Warm rolling of the billet was then done at 300°C, with 
a further reduction in thickness of 94%, corresponding to a 
strain of 2.8. Blanks of dimension 63.Smm x 14.2mm x 1.8mm 
(2.46in. x O.Sin. x 0O.07in.) were cut from the warm rolled 
material and formed into tensile specimens by endmilling 
(Ref. 14, 20]. Dimensions of the gage section of finished 
tensile specimens were approximately 3.Omm x 1.8mm x 15.2mm 


“Geizin. x O.O07in. x O.Sin., see Figure 3.1) [{Ref. 201. 


B. ANNEALING 

Small groups of 8-93 tensile specimens were annealed in 
a salt bath for 1 hour at 200°C, 10 hours at 200°C, 1/2 
hour at 250°C, 1 hour at 250°C, and 1/2 hour at 440°C 
(above the solvus, to effect recrystallization) 
respectively. The annealing treatment differed from that 
done in previous work by Becker [Ref. 14], where the 
tensile specimens were placed on a heat sink in an air 
furnace. 

The salt bath comprised approximately 2 liters of Cal 
Alloy #3010 Quenching Salt (temperature range 149°C-593°C) 
heated in a Lindberg Type 56622 crucible furnace. Fresh 
salt was melted in the furnace and the temperature allowed 
to stabilize overnight. Three Omega Type K Chromel-Alumel 
thermocouples connected to a Newport Laboratories Inc. 


digital readout were used to measure and monitor the 
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Eigure 2 21 (a) Dimensions of the Tensile Teat Specimen. 
(b) Photograph of Teanaile Test Specimen. 
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annealing temperature of the salt bath. Temperatures were 
controlled within + one degree Celsius throughout the salt 
bath, except very near the bath surface and positions 
immediately adjacent to the bottom and sides of the 
furnace. 

The tensile specimens were suspended from a horizontal 
steel rod by a thin Nichrome wire so that they would be 
completely immersed in the salt bath and yet not touch the 
bottom. Eight centimeters (3 inches) of fiber glass 
insulation was carefully placed around the cover of the 
furnace to assist in maintaining a stable salt bath 
temperature. Annealed specimens were quickly removed from 
the salt bath and hung in a well-ventilated area to air 
cool. The tensile specimens were then carefully marked 


with a permanent ink to identify the annealing condition. 


C. TENSILE TESTING 

Elevated temperature testing was performed at 300°C, 
325°C, 350°C, and 425°C with strain rates ranging from 
1.39x10-1 s-1 to 5.56x10-5 s-1. An Instron tensile testing 
machine equipped with a Marshall clamshell furnace, as 
described by Mills (Ref. 20] and also by Becker (Ref. 141, 
was used to complete the testing sequence. The clamshell 
furnace and tension grips were preheated for 24 hours prior 
to starting the tensile tests at a given temperature. 


After loading the test specimen in the tension grips an 
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hour was allowed for the test specimen to become fully 
isothermal. Test specimen temperature was monitored with 
five thermocouples and remained nearly constant during all 
tests except at very low strain rates or upon attainment of 
high ductilities, where the bottom grip rod would begin to 
pull out of the furnace and the temperature of the rod 
would then drop as much as 5 to 10 degrees Cc. Otherwise, 
the tensile specimen temperature would remain constant 
within + 2~3°C. Care was taken to follow exactly the 
experimental procedures of Mills [{Ref. 20] and Becker (Ref. 


14] so that experimental results would be comparable. 


D. DATA REDUCTION 

Tensile specimen ductility was determined by direct 
measurement of the test specimen before and after tension 
testing. Engineering stress and engineering plastic strain 
were calculated from the Instron strip chart recorder data 
and the initial measurements of the tensile specimen cross 
sectional area and gage length. A “floating slope” 
calculation similar to that of Millis (Ref. 20] was utilized 
to compensate for the inherent elasticity of the Instron 
machine, the elastic behavior of the tensile specimen 
itself and other factors such as grip tightening. The 
engineering stress and engineering plastic strain obtained 
were used to calculate true stress and true strain by use 


of the conventional formulas below for conversion of 
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engineering stress-engineering strain data to true stress 
and true strain: 


ore = Teng (1+e) Veqn 3. 1) 


eo = Intite) (eqn 3.2) 


Where JOtrue and (true are the true stress and strain, Jeng 


is the engineering stress and e is the engineering strain. 


E. COMPUTER PROGRAMS AND GRAPHING 

Data reduction was accomplished on an IBM Personal 
Computer using Microsoft Basic and read into data files 
that were transmitted to the IBM 3033 at the Naval 
Postgraduate School via a telephone modem. All plotting 
was accomplished using EASYPLOT, an extremely user friendly 
program package which outputs DISSPLA plots on a Versatec 
plotter at the Naval Postgraduate School Computer Center. 
Basic programs used to reduce the data are included in 


Appendix B. 


F. METALLOGRAPHY 

Portions from the gage region of tested tensile 
specimens for strain rates of 5.56x10-2, 5.56x10-3, and 
S.56x10-4 per second, annealing conditions of 1 hour at 
200°C and 1/2 hour at 440°C, and the previously specified 
range of tension test temperatures were cold mounted with 
an epoxy resin compound for Remete wan nic examination in a 


manner similar to that described by Mills (Ref. 20]. In 
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addition, untested tensile specimens of as-rolled material, 
material annealed for i hour at 200°C, and also material 
annealed for 1/2 hour at 440°C were cold mounted for 
metallographic examination. All mounted tensile specimen 
surfaces were polished for optical microscopy using the 
techniques described by Becker [Ref. 14] and Mills (Ref. 
20]. The polished tensile specimens were either etched for 
60 seconds with a Graf-Sargent solution or etched for 3 
minutes with Keller’s solution, and examined with a Zeiss 
Universal Optical Microscope. Photomicrographs were taken 
using Kodak 35mm Technical Pan Film 2415 and Kodak 


35mm Panatomic X film. 
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IV. RESULTS AND DISCUSSION 


A. STARTING STRUCTURE OF THE AS-ROLLED MATERIAL 

Thermomechanical processing of the Al-10.2%Mg-0.52%NMn 
alloy began with all of the magnesium in solution at the 
outset of warm rolling, the result of prior golution 
treatment and quenching. Using the same rolling procedure 
employed in this research McNelley and Garg (Ref. 21] found 
precipitation of intermetallic f, AlaMgs, at rolling 
eatrains from 0.6 to 1.0 at 300°C (Ref. 21]. Thereafter, 
for increased true rolling strain the content of magnesium 
in golid solution leveled off at 7.2%, a reflection of the 
approximate solubility limit of magneSium in aluminum at 
this temperature (Ref. 21]. The aluminum-magnesium phase 
diagram predicts still smaller percentages of magnesium 
remaining in sgolution when rolling at lower temperatures 
due to the decreased solubility of magnesium in aluminum. 
Precipitation of the intermetallic at room temperature does 
not occur to a significant extent because low temperatures 
severely limit diffusion. Figure 4.1 illustrates the 
precipitation of magnesium during warm rolling and the 
corresponding increase in hardness with the increase of 
true rolling strain (Ref. 21]. 

Warm rolling the material at 300°C to 94% reduction 


(2.8 true strain) produces a dislocation: substructure with 
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Figure 4.1 The Increase in Hardness and the Precipitation 
of Mg from Solution During Warm Rolling. Data from 
McNelley and Garg (Ref. 21]. 
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precipitation of intermetallic f8 likely occurring at 
dislocation nodes according to McNelley and Garg (Ref. 
21). This uniform diatribution of refined intermetallic 8 


particles is shown in Figure 4.2 (Ref. 21]. 





Figure 4.2 The Precipitated 8 Near the Foil Edge, Showing 
the 8 in Good Contrast and Uniformly Distributed as Fine 
Particles. Transmission Electron Micrograph from Ref. 21. 
Although the precipitate dispersion may provide some 
strengthening, it is thought secondary to the effects of 
the remaining magnesium in solid solution and the 
dislocation structure produced by the warm rolling. 
Previous work by Becker as well as Mills has 
associated this particular microstructure with high 
strength and good ductility at ambient temperature (Refs. 


fa, 20). 


B. RATIONAL BEHIND ANNEALING BELOW THE ROLLING TEMPERATURE 
As noted previously, the magnesium content of the solid 


solution for rolling done at 300°C, is about 7x, the 
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equilibrium solubility for magnesium at this temperature: 
Annealing at temperatures below this would result in 
further precipitation. The solubility limit of magnesium 
in aluminum at 200°C drops to 3.6%. This more than doubles 
the amount of magnesium precipitated from solution. By eqn 
1.4, the additional precipitation may stabilize the grain 
size by deposition of fine f} particles on the subgrain 
structure, which would help to pin grain boundaries and 
prevent grain growth. X-ray texture data from ALCOA 
Technical Center [Ref. 22] shows the structure after warm 
rolling at 300°C, and after annealing for times of 1 and 10 
hour(s) at 300°C as well to be recovered rather than 
recrystallized. From this data it was inferred that 
annealing at temperatures below 300°C would also imply a 
recovered material structure. 

Figures 4.3, 4.4 and 4.5 show the difference in 
mechanical fibering of as-rolled material, for material 
annealed for 1 hour at 200°C after warm rolling, and also 
material recrystallized by annealing for 1/2 hour at 440°C 
after warm rolling. Notice that there appears to be little 
difference between the as-rolled material, Figure 4.3, and 
the material annealed for 1 hour at 200°C, Figure 4.4. 

This is as expected since annealing at 200°C would 
reasonably produce a very fine precipitation likely not 
observable with light microscopy, with only little growth 


in the intermetallic already precipitated. Additionally 
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Peagumewanoweinicrlanar Photomicrograph of Al-10.2%Mg- 
O.52%*Mn Alloy in the As-Rolled Condition, Graf-Sargent 
Etch, x64. 
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Figure 4.4 Tri-Planar Photomicrograph of Al-10.2%Mg- 
O.52%Mn Alloy Annealed for 1 Hour at 200°C. Notice That 
There is Little Difference in Precipitation of the 
Intermetallic Between This Photomicrograph and Figure 4.4, 
Graf-Sargent Etch, x64. 
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Figure 4.5 Photomicrograph of A1-10.2%Mg-0.52*%Mn Alloy 


Recrystallized by Annealing Above the Solvus for 1/2 Hour 
Sa-ea10°G, Gratf-Sargent Etch, x64. 
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the beta is actually decorated by the Graf-Sargent etch and 
is likely much smaller than shown. Figure 4.5 is of 
material recrystallized by annealing above the solvus for 
1/2 hour at 440°C. The etched intermetallic is a little 
coarser than Figures 4.3 and 4.4 but not significantly 
more. Figure 4.6 is of recrystallized material at roughly 
S times higher magnification than that of the 
photomicrograph in Figure 4.5. Grain size for the 
recrystallized material is on the order of 8um. The size 
of the grains in the as-rolled, and as-rolled and annealed 
materials could not be determined with light microscopy 
using the etching solutions of this thesis. This supports 
the ALCOA Technical Center’s texture data indicating a 
recovered structure for this material. 

Data from recrystallized material at temperatures 
ranging from 300°C to 425°C together with that of Mills 
(Ref. 20) for as-rolled material and also that of Becker 
(Ref. 14] for recrystallized material tested below 300°C 
demonstrates superior ductility of the as-rolled material 
in the temperature range between 150°C and 325°C. Figure 
4.7 clearly shows this result by plotting ductility vs 
temperature at a strain rate of 5.56x10-3 s-1 for 
temperatures from 20°C to 425°C. The as-rolled condition 
is also weaker than the recrystallized material when tested 


at 300°C (Figure 4.8) and exhibits enhanced superplastic 
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Figure 4.6 Photomicrograph of A1-10.2%Mg-O.52*%Mn Alloy 
Recrystallized by Annealing Above the Solvus for 1/2 Hour 
at 440°C. Grain Size is Approximately 8pm, Keller’s Etch, 
x320. 
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Figure 4.8 True Stress at 0.1 Strain va Strain Rate for Tensile Tests on Al- 


The As-Rolled Condition is Weaker than 


Material Recryatallized by Annealing 1/2 Hour at 440C. 


10.2%Mg-0.52%Mn Conducted at 300C. 


behavior compared to the recrystallized material, Figure 
4.9. In Figure 4.8, the flow stress at 0.1 strain is 
plotted versus strain rate for the two processing 
conditions of interest. The data for the warm rolled 
material indicates both a lower strength at any strain rate 
in the range evaluated and also a larger value of m = 
dlogd/dlogé; m * 0.45 for the rolled material, and the data 
suggest a sigmoidal relation, while m ¥ 0.3 for the 
material recrystallized prior to elevated temperature 
testing. The sigmoidal form of the stress-strain rate data 
for the rolled material is consistent with the ductility 
data of Figure 4.9; there, a maximum ductility of 
approximately 400% is seen at a strain rate of ~2x1i0-3 s-i, 
about the strain rate of maximum slope in the data of 
Figure 4.8. It should be recognized that the value of m is 
determined from data at a strain €=0.1 and microstructural 
changes at greater strains could affect the value of m and 
through it the final ductility of the material. In any 
case, this is a surprising reSult! Current theory as 
discussed in the introduction and background of this thesis 
predicts superplasticity only in fine grained, 
recrystallized aluminum magnesium alloys with high angle 
grain boundaries. Test results for the recrystallized 
material between 300°C and 425°C agree with current theory 
when the test temperature is above the solvus. At 300°C, 


for a given strain rate, the stress at 0.1 strain for 
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recrystallized material is higher than that for the as- 
rolled material. However, as test temperature increases, 
the strength of the recrystallized material decreases more 
rapidly than that of the as-rolled material and for 
temperatures at and above the solvus the two conditions 
behave in a similar manner. This would be anticipated as 
the as-rolled material would be expected to recrystallize 
as well upon initial heating above the solvus temperature. 
Most significantly, the recrystallized material tested at 
300°C shows no superplastic behavior even at low strain 
rates (ductility is 170%), but the recrystallized material 
is very superplastic i.e. 556% at a strain rate of 
5.56x10-4 s-1l, when tested at 425°C, again, in good 
agreement with reported behavior of other superplastic Al- 
alloys (Refs. 2, 7]. Figures 4.10 and 4.11 show the 
microstructure of this recrystallized material when tested 
at 425°C and 300°C respectively. Note that 
superplastically deformed, recrystallized material in 
Figure 4.10 has elongated grains when tested at a low 
strain rate 5.56x10-4 s-1l, and more cavitation is apparent 
than in the same material tested at a high strain rate, 
5.56x10-2 sl, 

As noted previously, the structure of the warm rolled 
material consists of recovered subgrains and intermetallic 
83 precipitates as opposed to . recrystallized, fine 


grains. If the subgreain structure persists during plastic 
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Recrystallized Material Tested at 300°C at a 
and 5.56x10-= (b) & 


(b>) & (dad) than Figure 4.7 (b) & 
Also Recrystallized Material 
is 170* and 


(a) & Cb) is x64 


Figure 4.11 
Strain Rate of 5.56x1074% (a) & (coc), 


(Cd). Note Finer Grains in 
(d) and Much Less Cavitation, 
ia Not Superplastic, Elongation for (a) & (Cc) 
for (b>) & Cd) ila 78X%. Magnitteaviconmeer 
and for (c) & (d) is x250, Graf-Sargent Etch. 
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deformation at 300°C, then current theories are unable to 
account for observation of superplastic behavior under such 
conditions. Annealing at 300°C results in further recovery 
with little apparent recrystallization taking place under 
such static conditions. One would not expect such 
annealing as results during heating prior to stress-strain 
testing to lead to recrystallization. It is possible, 
however, that recrystallization may occur as a result of 
plastic deformation, i.e. under dynamic conditions. Such 
recrystallization would then confer the fine, high angle 
boundaries generally though necessary for the elongations 
observed. Further research on materials deformed various 
amounts under such conditions, including microscopy of the 
deformed samples, would be necessary to test this. In the 
absence of such recrystallization, an alternative theory 


for superplastic flow would be necessary. 


C. EFFECTS OF ANNEALING BELOW THE ROLLING TEMPERATURE 

Extensive mechanical testing was performed at 300°C for 
the following reasons: Becker’s [(Ref. 14) and later Mill’s 
(Ref. 20] work indicated that this temperature was 
sufficient for superplastic behavior in as-rolled material; 
this temperature is also below the solvus and will not 
recrystallize the material under static annealing 
conditions; and, being below the Poe memonerc 


recrystallization doesn’t oseeur, one would not expect to 
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develop intergranular precipitates with attendant corrosion 
and stress-corrosion susceptibility. 

Tables II through IX present the test data for material 
annealed below the rolling temperature and also for the 
recrystallized material. Overall, the material annealed at 
200°C displayed better superplastic behavior when compared 
to material annealed at 250°C. The 1 and 10 hour annealing 
treatments at 200°C did not differ significantly in 
results, and hence the results for one hour annealing at 
200°C will be presented exclusively here. Figure 4.12 
shows true stress at 0.1 strain versus strain rate for 
three conditions. As seen from this plot, material 
annealed for 1/2 hour at 440°C (which results in a 
recrystallized structure) is stronger than the as-rolled 
material as has been noted. Annealing for 1 hour at 200°C 
results in lower strength when compared to as-rolled 
material. The stronger,recrystallized material has poorer 
ductility than the as~-rolled material while annealing the 
material for 1 hour at 200°C enhances the superplastic 
elongation. Figure 4.13 shows this enhancement of 
ductility in the annealed material. As noted previous, m % 
O.3 for the recrystallized material while the maximum value 
of m determined form the data for as-rolled material is 
0.45. It is difficult to state, that m is still larger for 
the material rolled and then annealed at 200°C given the 


inherent scatter in such data. However, the enhanced 
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Strain Rate 


1/3s 


1.39x1071 
5.56x10-2 
1.39x10-2 
5.56x107-3 
1.39x10-3 
5.56x10-4 
1.39x10-4 


Strain Rate 


1/s 


1.39x10-1 
5.56x10-2 
1.39x1072 
5.56x107-3 
1.39x10-3 
Se 56x10-4 
1.39x10-4 


Table ITI 


Mechanical Test Data 
for Warm Rolled 
A1l-10.2%Mg-0O.52%Mn Alloy 
Annealed for 1 Hour at 200C; 
Tests Conducted at 300C 


True Stress at 


UTS O.1 Plastic Strain Duce ity 
Mpa Mpa % 
a2 7 122.0 248 
SO.4 108.0 301 
60.2 66.0 401 
44.7 49.0 Dives 
26.4 22.0 445 
SiS 20.0 437 
fe 10.0 So@ 
Table III 


Mechanical Test Data 
for Warm Rolled 
Al-10.2%Mg-O.52%Mn Alloy 
Annealed for 10 Hours at 200C; 
Tests Conducted at 300C 


True Stress at 
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UtS O.1 Plastic Strain Duchiiicy 
Mpa Mpa % 
LO7 25 118.0 197 
102.2 a2 .0O 291 
60.1 60.0 396 
40.9 44.0 413 
Zan. 27 <0 679 
Lo 18.0 417 
PS 7 16.0 ZS5 


Strain Rate 


1/s 


1.39x10-1 
5.56x10-2 
1.39x10-2 
5.56x10-3 
1.39x1073 
5.56x10~-4 
1.39x10~-4 


Strain Rate 


1/s 


1.39x10-1 
5.56x10-2 
1.39x10-2 
5 .56x10-3 
1.39x10-3 
5.56x10-4 
1.39x10-4 


Mechanical Test Data 
for Warm Rolled 
Al-10.2%Mg-O.52%Mn Alloy 
Annealed for 1/2 Hour at 250C; 
Tests Conducted at 300C 


UTS 
Mpa 


106.3 


33.2 
27.9 
41.5 
27.0 
7 
12.6 


Mechanical Test Data 
for Warm Rolled 
Al-10.2%Mg-0.52*%*Mn Alloy 
Annealed for 1 Hour at 250C; 
Tests Conducted at 300C 


UTS 
Mpa 


Zereet 
rOS.o 


26.6 
Soo 
27 ai 
16.6 
is 3 


Table IV 


True Stress at 
O.1 Plastic Strain 


Mpa 


138.0 
113.0 


S20 
42.0 
Zo 20 
18.0 
lS. 


Table V 


O.1 Plastic Strain 
Mpa 


138.0 
Lise0 


62.0 
42.0 
29.0 
3.0 
i. 0 


48 


Ductiltey 
ee 


foc 
Lez 
280 
347 
407 
349 
Z1S 


Ductiwaey 
% 


107 
137 
344 
343 
342 
409 
31> 


Strain Rate 
1/s 


5.56x10-2 
1.39x10-2 
5.56x10~4 
5.56x10-S 


Strain Rate 
l/s 


5.56x10-2 
5.56x10-3 
5.56x1074 


Table VI 


Mechanical Test Data 
for Warm Rolled 
A1l-10.2%Mg-0.52%Mn Alloy 
Annealed for 1/2 Hour at 440C; 
Tests Conducted at 300C 


True Stress at 


UTS O.1 Plastic Strain Ductility 

Mpa a yk ee a, 

139.0 149.0 78 

114.0 120.0 87 

40.7 44.0 170 

23.5 26.0 237 
Table VII 


Mechanical Test Data 
for Warm Rolled 
A1l-10.2%Mg-0.52%Mn Alloy 
Annealed for 1/2 Hour at 440C; 
Tests Conducted at 325C 


True Stress at 


US O.1 Plastic Strain Ductiliey 
Mpa Mpa % 
108.0 114.0 107 
63.5 67.0 163 
24.3 26.0 413 
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Strain Rate 
1/s 


5.56x10-2 
5.56x10-3 
5 .56x1074 


Strain Rate 
1/s 


5.56x10-2 
5.56x10-3 
5.56x10-4 


Table VIII 


Mechanical Test Data 
for Warm Rolled 
A1l-10.2%Mgq-0.52%Mn Alloy 


Annealed for 1/2 Hour at 440C; 


Tests Conducted at 350C 


True Stress at 


UTS O.1 Plastic Strain 
Mpa Mpa 
100.4 S320 
14.0 16.0 
4.4 5.0 
Table IX 


Mechanical Test Data 
for Warm Rolled 
Al-10.2%Mg-O.52%Mn Alloy 


Annealed for 1/2 Hour at 440C; 


Tests Conducted at 425C 


True Stress at 


UTS O.1 Plastic Strain 
Mpa Mpa 

38.1 40.0 

14.2 13.0 

oss oO 
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ductility noted in Figure 4.14 would suggest this as a 
possibility. The principal microstructural effect expected 
from such are annealing treatment would be recovery of the 
subgrain structure. As noted previously, the dominant 
mechanism for 300°C annealing was recovery. Also, 
annealing at 200°C would be expected to produce further 
precipitation of the f} as the solubility of Mg decreases 
substantially in this temperature range (from 7.2% at 300°C 
to about 3.5% at 200°C). As such, it is expected that 
annealing below the rolling temperature would produce a 
finer recovered structure than would be attained by 
annealing at 300°C, Further, the additional precipitation 
occurring at the lower temperature would result in further 
stabilization of the structure and hence a lesser tendency 
to coarsen during plastic flow. This still does not 
address the question of the mechanism responsible for the 
superplastic behavior of the rolled plus annealed 
material. Either both recrystallize during plastic 
deformation, with the result being an ultra fine grain size 
Capable of deforming superplastically at 300°C, or an 
alternate mechanism of superplastic flow must be invoked. 
Figure 4.14 shows the microstructures of as-rolled 
material subsequently annealed for 1 hour at 200°C and then 
tested at 300°C at strain rates of 5.56x10-4 s-1 or 
S.56x10-2 s-1, Note very little cavitation is evident and 


the microstructure looks like that of the non-Superplastic, 


=o 





$a papseste’ « m ee FP. % a at" “. = $m oT 

ade NEF soe, 2 ARTA OE el 

Rs x . ge yy ugh Pr RK » 

OR a in gow on eA? tor ; ee ee 

’ Due % ity 4X i is a : 
ES ee EO BT at 


. POTS f, -~ one . > a S . thy ms 5 7 ‘ 5 5 
pitt ee EAE de ERE hy, og De Sah ee UE aD Seg oy phase de oe oe 
‘$ 2 ide ie Mere, 95s eh “ % eZ ‘ 

% 8 2 ¥' 


och RH ony. Ke” Ss Se ak 
2 Ry. ‘ ae ee s6* aH, “< 






s &- 
1 Se 


Aw >. Pee 











top 


Jae 
4 5 
yk 


> ae € BRED 
: 1 Pi $% « RK, 4 

nn a 2 Oon oy be ae ae 
gov B Rigg! vn 7h aA 2 


4 





YES LF Ba, 2 He OF . 
, SBee. > Sa” 2D gets ® 9 :* Me BE Be mi 
* Diy spay BOS 3 Alyy, ‘Sas Meo abe nd SS ; 
bp Rohs 9 ie. gh Mee tea EMS 
aH ae Lg ahs 5 Cas ee BP FSS a°3 Se 
Fee be ates AG beads 
yo Se OF eS EES gw Bee 
A. a, ty te. oe SM. 4 we , Lag > 
EO BORE “tas Ra SO TE: Sopra ey SPF 
he Bg, Se ES chek 2 5 gy BR 
Jor Se e SaaS a ib. hes 5 
# > % me he” 
a A : =i 2 


Se FS BX ae ae > 
PORE ee gp Bt 
Mvennare eae 
ee, ts sy: fees pe 
s KOE 3X. ‘ ne. gt “‘e o3 







as 





Figure 4.14 Aas-Rolled Material that has been Annealed for 
1 Hour at 200°C and Tested at 300°C at Strain Rates of 
5.56x107-4 (a) & (c), and 5.56x10-2 (b) & (d). Note Very 
Little Cavitation ia Evident and Microstructure Looks Like 
the Non-Superplastic Recrystallized Material Tested at 
300°C (Figure 4.8). However, Unlike the Material in Figure 
4.8 This Material isa Very Superplastic. Elongation of 437% 
for (a) & Cc) and 401% for (b>) & ‘d). Magnification for 
(a>) & ¢€b) is x64 and for (c) & (d) is x250, Graf-Sargent 
E&en. 
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recrystallized material also tested at 300°C (Figure 4.8). 
However, unlike the recrystallized material in Figure 4.8, 
this material is very superplastic. An elongation of 572% 
was observed at a strain rate of 5.56x1073 cy le and of 
special note is the absence of any cavitation in the 
structure. Additional data on other annealing treatments 
in this research are contained in Appendix A. 

In summary, this research has found that the 
recrystallized A1l-10.2%Mg-0.52%Mn alloy behaves in much the 
same manner as other aluminum~base alloys using a thermo- 
mechanical processing treatment similar to current practice 
i.e. warm rolling, recrystallization above the solvus and 
then deforming above the solvus temperature. However, the 
as-rolled material tested at 300°C or as-rolled material 
which has been annealed for 1 hour at 200°C prior to 
testing at 300°C, is very superplastic where as 
recrystallized material tested at 300°C is not superplastic 


at all. 
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V. CONCLUSIONS AND RECOMMENDATIONS 


Two significant conclusions can be drawn from this 
research: 1) Strain rate sensitivity and the ductility of 
the as-rolled material can be controlled and improved by 
annealing below the rolling temperature (i.e. in this 
research for 1 hour at 200°C). Annealing below the warm 
rolling temperature may allow as much as an additional 4.0 
wt. pet. Mg to precipitate out of solution in the form of 
fine AlgMgs (ff) which would tend to stabilize 
grain/subgrain boundaries during subsequent tension testing 
at 300°C. 2) The strength and ductility of warm rolled and 
recrystallized material follows a pattern as a function of 
strain rate and temperature very Similar to that observed 
in other superplastic Al-alloys in that extensive 
superplasticity is observed only at relatively high 
temperatures (Cabove the solvus for the strengthening 
component); in contrast, the warm rolled condition exhibits 
superplasticity at much lower temperatures and shows little 
or no tendency to cavitate during superplastic flow. Under 
identical conditions the recrystallized material is not 
superplastic. 

Continued research in the following areas is 
indicated: 1> transmission electron microscopy is required 


for examination of the grain/subgrain boundaries and to 
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examine the effect of deformation at elevated temperature 
on these structures; 2) annealing time-temperature 
variables following warm rolling need further investigation 
to optimize superplastic properties; 3) applications of 
the thermomechanical processing used in this thesis to 
current processing of high strength aluminum alloys such as 
7O75 or 7475, which are recrystallized 


before forming. 
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True Stress at 0.1 Strain vs Strain Rate for Tensile Tests on Al- 
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